Introduction {#s001}
============

In 1995, [the Nobel Prize in chemistry]{.smallcaps} was awarded to Molina and Rowland for discovering that chlorofluorocarbons (CFCs), the propellants used in pressurized metered dose inhalers (pMDIs), depleted the Earth\'s protective ozone layer.^([@B1])^ This discovery led to the signing of the Montreal Protocol^([@B2])^ and worldwide agreement to cease CFC manufacture. However, the Montreal Protocol and subsequent agreements presented a major dilemma for the pharmaceutical industry and clinicians. The continued availability of the pMDI, which since 1956 had been the preferred treatment modality for many respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD), was under threat.^([@B3])^ The responses were many fold: replacement of pMDI propellants, development of more efficient nebulizers, development of soft mist inhalers (SMIs), and the development of numerous novel dry powder inhalers (DPIs).^([@B4],[@B5])^

Despite this huge effort, only one SMI has made it to the market,^([@B6])^ the utility of nebulizers remains in pediatric and elderly patients who have problems using other forms of inhalers,^([@B7],[@B8])^ and the popularity of pMDIs remains unabated.^([@B9])^ While DPIs are more valuable in total sales value, the pMDI outweighs the DPI in total number of doses sold by a factor of four ([Table 1](#tb1){ref-type="table"}).^([@B9])^ Nevertheless, the number of commercially available DPIs is ever-increasing. DPIs all have in common the ability to aerosolize dry powders. However, they differ from each other in the type of formulations, dose storage, and powder dispersion methods, and present the patient and clinician with a variety of operating mechanisms and resistances to inhaled airflow.^([@B10])^ While in some respects necessity, as the mother of invention, has resulted in a much broader choice of inhalation products, it has also resulted in confusion about their performance, use, and effectiveness.

###### 

Summary of Total Worldwide Sales of Inhaled Products in 2014 as Reported by Stein and Thiel Based on IMS Data^([@B9])^

                        Total sales (billions \$)   Total units sold (millions)   Total doses sold (billions)
  --------------------- --------------------------- ----------------------------- -----------------------------
  Nebulizer             5.07                                                       
  pMDI                  12.58                       418                           74.79
  DPI                   17.89                       367                           19.02
  All inhalable forms   35.96                                                      

IMS (Intercontinental Medical Statistics) Health; now IQVIA Inc. (Durham, NH). \[MIDAS^®^, January, 2016 (report of integrated global sales activity from over 70 countries).\]

DPI, dry powder inhaler; pMDI, pressurized metered dose inhaler.

It is in this context that this article attempts to put the confusing world of DPIs into a clinical perspective. First, we review DPI technologies, their performance, and consequent implications for use. Second, we examine the ability of patients to generate the inspiratory pressure drops and inhaled flow rates needed to use various DPIs effectively. Next, we examine common misconceptions about peak inspiratory flow rate (PIFR) and use of DPIs. Then, finally, we suggest a method for assessing a patient\'s ability to effectively operate a DPI in a clinical setting before the prescribing decision. A number of excellent review articles are available on the use and misuse of inhalers and the various errors patients make.^([@B11],[@B12])^ Those aspects of inhaler use are not reviewed here. Rather, a patient\'s ability to generate minimally adequate flows through the various devices and how this influences the devices\' clinical use are discussed.

Materials and Methods {#s002}
=====================

Search strategy and selection criteria {#s003}
--------------------------------------

References for this review were identified through searches of PubMed for articles published from January 1990 to November 2018 using the terms "inhaler," "dry powder inhaler," "dry powder inhaler and inspiratory flow rate," and "dry powder inhaler and inspiratory pressure." The authors also identified relevant articles published between 1990 and 2018 in their personal files. Articles resulting from these searches and relevant references cited in those articles were reviewed. Articles published in English were included.

Results {#s004}
=======

DPIs and formulations {#s005}
---------------------

By definition, DPIs use "dry" powdered drug as the form of choice. The drug is usually formulated in one of three ways: as a fine micronized powder mixed with a large inactive "carrier" powder (usually lactose and referred to as lactose blends); as agglomerates or aggregates of micronized drug (referred to as spheronized particles); or as spray-dried particles containing micronized or solubilized drug inside inert, rugous hydrophobic carrier materials (referred to as engineered particles). Lactose blends are by far the most common and have been in use since the 1960s. Products such as the Breo^®^ and Anoro^®^ Ellipta^®^, the Advair^®^ Diskus^®^, the Foradil^®^ Aerolizer^®^, and the Arcapta^®^ Neohaler^®^ all use lactose blends. Spheronized formulations are used in the Turbuhaler^®^ line of products, including Pulmicort^®^ and Bricanyl^®^, and in the Asmanex^®^ Twisthaler^®^. The Tobi^®^ Podhaler™ uses engineered particles.

While the inhaler designs differ, the varying formulations within them all require the patient to supply the energy to fluidize the powder, dispense it from the inhaler during inhalation, and disperse the formulation sufficiently well so that the drug component of the aerosol can penetrate and deposit in the lungs.^([@B10],[@B13],[@B14])^

To achieve this dispensing and dispersing, the formulations have been developed in conjunction with design elements of the inhalers, such as swirl chambers, grids, and orifices. These design elements, which differ between DPIs, present varying degrees of airflow resistance and result in DPIs with differing pressure drop/flow rate characteristics. In general, the flow rate though a DPI (*Q*) is proportional to the square root of the pressure drop (Δ*P*) the patient develops across it, namely: $$\sqrt{\Delta P} = Q \times R$$

The constant of proportionality is termed the device resistance (*R*).^([@B15])^

[Figure 1](#f1){ref-type="fig"} presents flow rate resistance curves for a variety of inhalers, covering a range of pressure drops that are typically achievable by patients (2--6 kPa).^([@B16])^ Patients inhale faster through low-resistance devices and slower through high-resistance devices because the pressure drops they generate tend to be similar ([Table 2](#tb2){ref-type="table"}).^([@B17],[@B18])^

![Flow rate versus device resistance for several commercial DPIs.^([@B21])^ Points are at a 4 kPa pressure drop. Lines are also presented for pressure drops of 2 and 6 kPa. Reproduced with permission from Bentham Science. DPI, dry powder inhaler.](jamp.2019.1556_figure1){#f1}

###### 

Mean (Standard Deviation) Peak Inspiratory Flow Rates Achieved by Patients (Classified According to Their Age and the Severity of Their Disease (Mild, Moderate, and Severe) Using Different Inhalers

  Severity                  Asthmatic child                          Adult asthmatic   COPD                                                                              
  ------------------------- ---------------------------------------- ----------------- ------------ ------------- ------------- ------------- ------------- ------------ ------------
  *n*                       101                                      20                8            7             10            13            34            36           25
  Age (SD)                  10.5 (4.2)                               9.5 (3.6)         10.3 (3.2)   48.3 (14.7)   53.3 (19.7)   66.0 (10.0)   78.5 (10.2)   75.6 (9.4)   72.6 (9.9)
  Device (kPa^1/2^/L/min)   Peak inspiratory flow rate, L/min (SD)                                                                                                       
  pMDI                      112 (16)                                 98 (24)           109 (18)     \>120         111 (15)      106 (16)      102 (21)      100 (23)     95 (28)
  Aerolizer (0.0216)        102 (22)                                 82 (26)           91 (16)      108 (16)      84 (22)       81 (23)       69 (21)       72 (24)      64 (22)
  Diskus (0.0254)           87 (23)                                  71 (23)           80 (17)      92 (19)       71 (22)       70 (21)       60 (17)       63 (21)      56 (16)
  Turbuhaler (0.0313)       72 (17)                                  58 (18)           66 (12)      76 (21)       56 (19)       54 (18)       47 (13)       48 (16)      43 (14)
  Clickhaler (0.0382)       73 (16)                                  57 (16)           65 (11)      72 (21)       54 (18)       53 (18)       47 (13)       48 (17)      42 (14)
  Twisthaler (0.0432)       58 (12)                                  47 (14)           53 (10)      60 (18)       45 (16)       44 (15)       39 (11)       40 (14)      35 (11)
  Easyhaler (0.0460)        54 (11)                                  43 (14)           49 (7)       55 (13)       40 (12)       40 (12)       33 (10)       35 (13)      31 (10)

The device resistance (kPa^1/2^/L/min) appears in the parentheses below the name of the DPI. *n* is the number of patients, age is reported in years, and inhalation flows in L/min.^([@B17])^

COPD, chronic obstructive pulmonary disease; SD, standard deviation.

The interactions between these pressure drops, flow rates, and DPI formulations are complex. While larger pressure drops and higher flow rates through any individual inhaler (i.e., more effort made by the patient) generally result in better powder dispersion and finer particle aerosols with more drug reaching the lungs, this is not always the case. [Figure 2](#f2){ref-type="fig"} presents pressure drop "lung dose" plots for several commercial DPIs derived from data collated by Weers and Clark.^([@B13],[@B19])^ [Figure 2A](#f2){ref-type="fig"} presents *in vivo* lung deposition data determined in scintigraphy and pharmacokinetic studies.^([@B19])^ [Figure 2B](#f2){ref-type="fig"} presents *in vitro* data generated using upper airway casts (mouth and oropharynx) of adults.^([@B34])^

![Lung dose versus pressure drop for several commercial DPIs.^([@B13])^ **(A)** *In vivo* data determined using either gamma scintigraphy or pharmacokinetics.^([@B19])^ **(B)** *In vitro* data determined using cascade impactors or mouth/oropharyngeal models.^([@B34])^](jamp.2019.1556_figure2){#f2}

The data in these plots illustrate the two competing mechanisms: powder dispersion by the inhaler and upper airway filtering by the mouth and oropharynx. Powder dispersion generally improves as pressure drops and inhaled flow rates increase because the increased energy supply disperses the powder more effectively. At the same time, oropharyngeal filtering, which removes drug in the upper respiratory tract, increases with increasing flow rates due to inertial impaction.^([@B37])^ In most scenarios, powder dispersion "wins" and lung dose increases with increasing flow rate. Hence, the common understanding that patients should be encouraged to inhale forcefully, and at the highest pressure drop/flow rate they can attain, so as to ensure the greatest lung dose possible.^([@B3])^

However, there are exceptions to this rule where lung dose can decrease with increasing pressure drop/flow rates; that is, where oropharyngeal filtering increases more rapidly than powder dispersion. As shown in [Figure 2](#f2){ref-type="fig"}, it would be advantageous to inhale at a more moderate flow rate when using the budesonide Airmax, the Onbrez Breezhaler, and Spiriva HandiHaler (the Albuterol Spiros also shows a decreasing lung dose with increasing flow rate, but this is because it is an active inhaler and does not rely on a patient\'s inspiration to disperse the powder. Hence, it delivers a constant size aerosol regardless of the patient inspiratory flow rate). Furthermore, as the inhalation flow increases, deposition in the central airways increases and distribution uniformity throughout the airways tends to decrease.^([@B38])^

Patient physiology {#s006}
------------------

The resistance of all commercial DPIs is much larger than the resistance of the human airways,^([@B39])^ and hence, the achievable flow rate through a given DPI is limited by the maximum pressure drop (maximum inspiratory mouth pressure, or MIP) a patient can generate during inspiration and not by the resistance of the patients conducting airways. This pressure drop is dependent upon respiratory muscle strength and muscle tone, mainly varying with age and gender.^([@B40])^

This is why the literature suggests that age and gender are the only consistent correlates to inspiratory flows through DPIs. To a lesser extent, airways disease can affect MIP. Airways disease can directly compromise respiratory muscle function, or it can increase the lung volume from which a patient begins an inhalation. The strength of the respiratory muscles decreases with lung inflation, with maximum muscle strength at residual volume and almost zero approaching total lung capacity when the respiratory muscles are fully extended.^([@B41])^ Thus, if a patient begins inhalation from a larger lung volume, they will naturally produce a lower mouth pressure.

[Figure 3](#f3){ref-type="fig"} presents a summary of MIP versus age and gender in healthy subjects.^([@B39],[@B42])^ MIP increases from birth to around the mid-twenties and then declines toward old age. Although not necessarily true with some modern DPI formulations,^([@B47])^ this relationship drives the clinical observation that young children with asthma and elderly patients with COPD may lack the ability to generate sufficient flows (pressures) to correctly operate a DPI.^([@B4])^

![MIP values as a function of age and sex. Solid lines represent predicted values using equations described by Wilson.^([@B43])^ These lines are marked as M and F. Long dashed lines are data from Ms, short dashed lines are data from Fs. Data derived from multiple publications^([@B42])^ and were summarized by Clark.^([@B39])^ Reproduced with permission from Bentham Science. F, female; M, male; MIP, maximum inspiratory mouth pressure. Color images are available online.](jamp.2019.1556_figure3){#f3}

Effect of disease on inspiratory flow in DPIs {#s007}
---------------------------------------------

The inspiratory flow achieved through a device is lower when the resistance of the device is higher. However, a low inhalation flow rate does not necessarily translate to inadequate powder deaggregation during patient use. Most patients with COPD are able to generate the inspiratory flows necessary for effective DPI use ([Table 2](#tb2){ref-type="table"}),^([@B17],[@B48],[@B49])^ and as explained above, in general, peak inspiratory flows do not correlate with forced expiratory volume in 1 second % predicted or other pulmonary function parameters.^([@B48])^

[Figure 4](#f4){ref-type="fig"} presents a summary of the average pressure drop attained through commercially available inhalers versus age for various patient groups.^([@B39],[@B43],[@B52])^ Pressure drop has been used in this figure as a way of uniformly presenting the data from the numerous studies since device pressure drop is the controlling parameter: the square root of the pressure drop divided by the device resistances defines the inhaled flow rate, not the other way around. It should be noted that the general form and slope of the pressure drops exhibit the same pattern as the MIP with age, presented in [Figure 3](#f3){ref-type="fig"}.

![Device pressure drops generated across five commercial DPIs with a nomogram showing the equivalent inhaler flow rates.^([@B39],[@B40])^ **(A)** In children between 2 and 12 years of age.^([@B52])^ The letters next to the curves represent the first letter in the name of the device. The two lines labeled as M and F represent theoretical curves based on the equations of Wilson.^([@B43])^ **(B)** In adults 20--80 years of age.^([@B61])^ The slope of pressure drop versus age follows the same pattern as MIP with age ([Fig. 3](#f3){ref-type="fig"}).^([@B40])^ The letters next to the curves represent lines as delineated in the legend within the graph. Reproduced with permission from Bentham Science. Color images are available online.](jamp.2019.1556_figure4){#f4}

Common misconceptions about flow requirements for DPIs in clinical practice {#s008}
---------------------------------------------------------------------------

Reliable data on the flow rates below which a particular inhaler will not deliver an adequate therapeutic lung dose are generally lacking in the literature and drug product information leaflets. A glance at [Figure 2](#f2){ref-type="fig"} confirms why this is the case. DPIs do not "turn off" in a binary manner, but rather slowly lose their ability to deliver adequate lung doses as pressure drops and flow rates decrease. In addition to the physical reduction in lung dose with decreasing flow rate, there are also considerations around dose/response and where on the dose/response curve a minimum effective dose resides. It is therefore hard to define an exact minimum effective pressure drop/flow rate for a particular inhaler.

[Table 3](#tb3){ref-type="table"} presents reported minimum clinically effective pressure drops and flow rates for a number of commercially available inhalers as presented by Haidl et al.^([@B64])^ These data are a compilation of both *in vivo* and *in vitro* data reported in the literature and thus have a number of limitations. For example, some have been developed based on a therapeutic response while others are based on fine particle fractions measured *in vitro*. However, they do represent the best attempt so far at defining minimum flow rates and pressure drops for a patient to obtain a clinically adequate dose of medication from the various DPIs.

###### 

Literature Data on the Required Minimum Inspiratory Flow Rates to Use Several Dry Powder Inhalers^([@B64])^

  Device                                       Resistance   "Minimum" effective   Drug   In vitro observation    
  -------------------------------------------- ------------ --------------------- ------ ----------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *In vitro*^[a](#tf5){ref-type="table-fn"}^                                                                     
   Twisthaler                                  0.044        20 \< *Q* \< 28       1.1    Mometasone              Lower limit of acceptable *in vitro* performance
   HandiHaler                                  0.051        23 \< *Q* \< 33       1.2    Tiotropium              Lower limit of *in vitro* performance
   HandiHaler                                  0.051        28                    1.2    Tiotropium              Fine particle dose reduced by 30% compared to medium flow rates (40 L/min)
  *In vivo*^[b](#tf6){ref-type="table-fn"}^                                                                      
   Diskus                                      0.026        30                    0.6    Salmeterol              FEV~1~ shown to be equivalent at 30 L/min to that at 60 L/min
   Turbuhaler                                  0.036        31                    1.2    Terbutaline             Maximal FEV~1~ at 1 hour postdose shown to be reduced at flow rates below 31 L/min
   Turbuhaler                                  0.034        36                    1.4    Budesonide              Scintigraphically determined lung dose showed a 50% reduction when inhaled flow rate was decreased from 58 to 36 L/min
   Easyhaler                                   0.041        30                    1.4    Budesonide/formoterol   AUC (area under the curve) of budesonide and formoterol reduced by 25% and 5%, respectively, when inhaled flow rate is reduced from maximal effort flow rate (82 L/min)

Data obtained in bench *in vitro* experiments.

Data obtained in clinical studies.

FEV~1~, forced expiratory volume in 1 second.

The important point to note from [Table 3](#tb3){ref-type="table"} is that, as would be expected, the minimum effective flow varies greatly across the range of devices. It should also be noted that a minimum pressure drop of around 1 kPa is sufficient for any of the DPIs listed to deliver an adequate dose of medication. From a clinical perspective, this means that provided a patient can produce a pressure drop of at least 1 kPa across an inhaler, he or she should receive an adequate dose of medication.

Hence, a cutoff around 1 kPa would seem appropriate as a pressure drop where decrements in bronchodilation or clinical effect would be anticipated.

Other parameters that can influence DPI performance {#s009}
---------------------------------------------------

The PIFR achieved while inhaling from a DPI has been emphasized. However, the time taken to achieve the PIFR---that is, rate of acceleration of the inspiratory flow---can also be important. Some powder inhalers deliver their dose rapidly following the start of an inhalation, and a major fraction of the dose can be delivered before the patient reaching PIFR. In these circumstances, the flow acceleration is obviously important. [Figure 5](#f5){ref-type="fig"} shows this effect. Two inhalation profiles building to the same PIFR, one with a fast acceleration and the other with slow acceleration, are superimposed on the time during which the dose leaves the two types of inhalers. The two examples are for a reservoir or multidose blister-type device and a capsule device.^([@B3])^ Clearly, the dose can be delivered very early in the inspiration from some devices. Hence, the DPI instructions direct the patient to inhale rapidly from the start of inhalation and continue to inhale for as long as possible. This association of PIFR with the time of dose delivery from a DPI highlights the need to consider additional factors in the prescribing decision in addition to PIFR.^([@B65])^

![The relationship between dose emission from a DPI and the patient\'s inhalation.^([@B4])^ Reproduced and modified from Laube et al.^([@B4])^ with permission from the publisher.](jamp.2019.1556_figure5){#f5}

Adequate inhaled volumes to ensure delivery of a complete dose are a further consideration.^([@B18])^ In some situations, a number of inspirations may be needed to extract the powder from a particular DPI. This is particularly the case with high-dose inhalers such as the Tobi Podhaler (112 mg tobramycin/dose), which may require two inhalations to ensure patients adequately extract the full dose from each of the four capsules.^([@B66])^ However, it should be noted that the inhaled volume required to extract the dose from most inhalers is more than achievable by patients of all ages and disease severities.

Discussion and Recommendations {#s010}
==============================

It is clear from the foregoing that the controlling factor in a patient\'s ability to operate a DPI effectively is the mouth pressure he or she can generate and that this pressure is dependent primarily on the inspiratory muscle strength of the individual. Muscle strength increases with age, peaking at about age 25, after which it steadily declines. Males achieve greater mouth pressures than females, and the presence and severity of respiratory disease have only a minor impact. In clinical practice, patients rarely inhale with maximal effort, instead achieving pressure drops of about 40%--80% of their possible MIP.^([@B39],[@B40])^

Most DPIs are passive, in the sense that they rely on the patient\'s inspiratory effort to fluidize and disperse the drug powder sufficiently well to enter and deposit in the lungs. Most inhalers contain design features (orifices, classifiers, etc.) that significantly increase particle velocities, particle impaction forces inside the inhaler, and powder dispersion. This can be true even at low inspiratory flow rates.^([@B67])^ For example, the average *in vivo* total lung dose achieved for tiotropium in the high-resistance HandiHaler^®^, for salmeterol in the medium-resistance Diskus, and for formoterol in the low-resistance Aerolizer, are all close to 20%, despite the flow rates for the three inhalers at comparable inspiratory effort (pressure drops) being 39.2, 74.1, and 105.3 L/min. Thus, the inability to achieve an optimum flow rate with one DPI is not generalizable to other DPIs. Clearly, comparing inhalers using a single minimum flow across all inhalers is not only inadequate, it is misleading!

Current guidance is in the line with these observations, suggesting that passive DPIs are all flow-rate dependent and that young children and elderly patients are at risk of not being able to achieve the flow rates necessary to effectively disperse the powder.^([@B4])^ The underlying factors controlling inspiratory pressures, flow rates and dispensing, and dispersion characteristics of the various DPIs explain why this is the case.

While it is also clear then that some patients at the extremes of the population, with poor muscle strength, may not be able to achieve the inspiratory flow rates to utilize a given DPI, it remains unclear what that percentage might be. Having a test metric that would help inform a clinician of a patient\'s ability to use a particular inhaler product is undoubtedly an important unmet need. Any metric chosen as a means to delineate patients who can or cannot effectively use a given DPI has to be generalizable across inhalers of different designs and resistances. In this regard, a minimum PIFR is a very poor and misleading metric. Any metric that does not compare DPI devices of different resistances in a comparable manner is inherently flawed.

What then is the metric that would adequately assess a patient\'s ability to derive sufficient efficacy from a particular DPI? It should seem evident from the earlier discussion that this should be an assessment of mouth pressures and/or MIP, and that it is possible to ascribe a minimum pressure that is generalizable across most, if not all, inhaler designs.

The literature has examples where this approach would have been a useful metric. Loh et al.^([@B68])^ found significant decreases in time to readmission for patients with a PIFR on the In-Check DIAL \<60 L/min. According to the authors, this measurement was taken on the no resistance setting. If it is assumed that the no resistance setting has a resistance comparable with the Rotahaler, then the pressure drop for patients who cannot achieve a flow rate of 60 L/min is \<0.5 kPa (i.e., \<5 cm H~2~O). The data in [Figure 2](#f2){ref-type="fig"} show that this is an exceptionally low pressure drop, and patients who can only achieve such a low pressure drop should indeed be using an active inhaler device of some sort (i.e., a pMDI, SMI, or nebulizer). However, this is an uncommon observation in clinical practice. For example, \<5% of stable COPD patients in the study by Mahler et al.^([@B50])^ (*n* = 213) had flow rates below 30 L/min using the In-Check DIAL against the simulated resistance of a Diskus device (Δ*P* \< 0.6 kPa), and the study by Sharma et al.^([@B69])^ (*n* = 268) observed similar results in patients admitted to the hospital for acute exacerbations of COPD on the day before discharge. The vast majority of patients hospitalized for acute exacerbations of COPD achieved peak inspiratory flows of \>30 L/min using an In-Check DIAL against the simulated resistance of four commonly used DPIs.^([@B69])^ Azouz et al.^([@B18])^ found large variability in inhalation patterns among patients who used low-resistance devices. In contrast, they noted that Turbuhaler and Easyhaler (medium to high resistance) provided a more favorable set of inhalation characteristics in terms of formulation deaggregation and delivery of the emitted dose compared with low-resistance devices. In patients with COPD, fewer patients were unable to achieve adequate pressure drops when breathing through higher resistance devices compared with lower resistance DPIs ([Fig. 6](#f6){ref-type="fig"}). Furthermore, according to data published by Pedersen et al.,^([@B70])^ bronchodilation was independent of PIFR for the medium-resistance Turbuhaler device down to ∼0.8 kPa. In contrast, a significant fraction of pediatric patients received diminished bronchodilation with the low-resistance Rotahaler device at an equivalent pressure drop. The 0.8 kPa pressure drop corresponds to 30 L/min for the Turbuhaler and 72 L/min for the Rotahaler. Numerous studies have demonstrated that virtually all geriatric patients, and pediatric patients older than the age of six, can achieve a PIFR greater than 30 L/min with the Turbuhaler.^([@B52],[@B71])^

![Distribution of peak inhalation flow rates and pressures through various DPIs. **(A)** As expected, given the data in [Figure 3](#f3){ref-type="fig"}, adults with asthma generate the most favorable inhalation maneuvers and children with asthma the weakest, with chronic obstructive pulmonary disease subjects performing slightly better than the children. Also as expected given the data in [Figure 1](#f1){ref-type="fig"}, subjects generated higher flows through lower resistance devices (AERO, DSK) compared with higher resistance devices (TBH, EASY). **(B)** The equivalent distribution of pressure drops. In contrast to the peak inhalation flows **(A)**, the pressure changes tended to be slightly greater for DPIs with a higher resistance (TBH, EASY) than those with a lower resistance (AERO, DSK). Boxes represent interquartile range with the median, and whiskers show the full range of the data, with outliers shown as circles. Reproduced from Azouz et al.^([@B18])^ with permission. AERO, Aerolizer; DSK, Diskus; EASY, Easyhaler; TBH, Turbuhaler. Color images are available online.](jamp.2019.1556_figure6){#f6}

The data in [Table 2](#tb2){ref-type="table"} suggest that a reasonable minimum pressure drop "cutoff" around 1 kPa is appropriate as a pressure drop below which decrements in bronchodilation efficacy would be anticipated, and indeed where efficacy of any DPI product begins to be suspect.

From a practical perspective, use of the In-Check device is a popular way of assessing a patient\'s ability to generate flows through DPI devices of various resistances. However, it is not always used appropriately. If a constant flow rate is used as a metric, very different pressure drops will be achieved for different inhalers. For example, using the resistance data for different devices presented in [Figure 1, a](#f1){ref-type="fig"} PIFR of 60 L/min corresponds to the following pressure drops: 1.3 kPa (Aerolizer), 1.6 kPa (Diskhaler), 1.7 kPa (Breezhaler), 2.6 kPa (Diskus), 3.0 kPa (Ellipta), 4.7 kPa (Turbuhaler), and 9.4 kPa (HandiHaler). Given the data in [Table 2](#tb2){ref-type="table"} and [Figure 2](#f2){ref-type="fig"}, these sorts of pressure drops are unnecessary for the adequate use of these devices and are misleading in terms of a prescribing decision. Indeed, a suggestion that a 60 L/min "cutoff"^([@B70])^ (with the dial set to the specific resistance of the DPI) should be used to segregate patients who would benefit from a switch to an alternative active delivery system is clearly incorrect. For example, while the Diskus achieves a 60 L/min flow rate at a 2.6 kPa pressure drop, the flow rate that patients would achieve with the HandiHaler at this pressure drop is just 32 L/min. As stated above, both inhalers achieve comparable dose delivery to the lungs at a similar inspiratory effort (pressure drop), not at similar flow rates.

The more relevant and proper way to use the In-Check DIAL in such a circumstance is to convert the measured flow rates into pressure drops \[using Eq. ([@B1])\] to enable comparison between inhalers of different resistances. Alternatively, one can test all subjects on the same setting (e.g., Aerolizer, with a 60 L/min "cutoff" that corresponds to a 1.3 kPa pressure drop) to assess the impediment they may have with respect to achievement of an adequate pressure drop through any DPI device. An alternative to the In-Check DIAL would be to choose a particular inhaler with known resistance, measure the PIFR through the inhaler, and then calculate whether the pressure drop is \<1 kPa.

Finally, it should be emphasized that many additional requirements are critical to the correct use of DPIs. Adequate training of patients to use their DPI is essential. While the minimum pressure drop cutoff approach proposed above assesses a patient\'s physical ability to use a DPI in terms of PIFR, other aspects associated with training and the ability to follow instruction leaflets impact the effectiveness of these products.^([@B3])^ Moreover, generation of an optimal pressure drop assures that the patient receives an adequate inhaled mass of the drug; however, the therapeutic efficacy of the drug is determined by deposition at its site of action in the lung. Therefore, several other factors, such as oropharyngeal deposition, drug dissolution, clearance mechanisms, and binding affinity, ultimately determine the therapeutic response to the drug.

In summary, inspiratory pressures, not flow rates, limit and control a patient\'s ability to generate sufficient flow for effective DPI use. Assessing patients\' ability to generate a minimum pressure drop of around 1 kPa across any resistance in the range of typical DPI device resistances should be an effective way of deciding if they are candidates for DPI use, or if they require an alternative active inhaler, such as a pMDI, pMDI and spacer, SMI, or a nebulizer.
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